ABSTRACT Amebiasis is an enteric infection caused by Entamoeba histolytica, with symptoms ranging in severity from asymptomatic colonization to dysentery. Humans with the Q223R leptin receptor mutation have increased susceptibility to amebiasis, but the mechanism has been unclear. Using a mouse model expressing the mutation, we tested the impact of the Q223R mutation on the innate immune response to E. histolytica infection. The 223R mutation resulted in delayed clearance of amebae from the cecum, as had been previously observed. We found that neutrophil influx to the site of the infection was reduced 12 h after infection in 223R mice. Depletion of neutrophils with anti-Ly6G monoclonal antibody increased susceptibility of wild-type mice to infection, supporting the importance of neutrophils in innate defense. Leptin expression was increased in the cecum by E. histolytica infection, suggesting that leptin could serve as a homing signal for neutrophils to the gut. Interestingly, neutrophils from mice with the 223R mutation had diminished chemotaxis toward leptin. This impaired chemotaxis likely explained the reduced gut infiltration of neutrophils. The newly recognized effect of the leptin receptor Q223R mutation on neutrophil chemotaxis and the impact of this mutation on multiple infectious diseases suggest a broader impact of this mutation on susceptibility to disease.
IMPORTANCE
The Q223R leptin receptor mutation results in increased susceptibility of children and adults to E. histolytica, one of the leading causes of diarrhea morbidity and mortality in children of the developing world. Here we show that the mutation results in reduced neutrophil infiltration to the site of infection. This decreased infiltration is likely due to the mutation's impact on neutrophil chemotaxis toward leptin, an inflammatory agent upregulated in the cecum after infection. The significance of this work thus extends beyond understanding E. histolytica susceptibility by also providing insight into the potential impact of leptin on neutrophil function in other states of altered leptin signaling, which include both malnutrition and obesity. ntamoeba histolytica is a protozoan parasite transmitted through the fecal-oral route. It causes a range of symptoms, from mild diarrhea to dysentery, and is an important pathogen in children (1, 2) . A hallmark of infection is a strong innate response; neutrophilia is often seen at the site of infection (3) . A large proportion of cases are asymptomatic, suggesting that host factors, including host genetics, may play an important role in determining susceptibility to infection and disease outcomes.
A study by Duggal et al. (4) identified a glutamine-to-arginine mutation (Q223R) in the leptin receptor that increased a child's susceptibility to E. histolytica. Children homozygous for the R223 allele were 4 times more likely to have E. histolytica diarrhea than those homozygous for the wild-type Q223 allele. The Q223R mutation is located in the extracellular domain of the leptin receptor. Binding of leptin to the receptor is not affected by the mutation, as measured in vitro through the use of surface plasmon resonance (5) . However, signal transduction through the activation of STAT3 by the R223 receptor is impaired in vitro (6) , indicating that the mutation does have a functional effect on the receptor.
Leptin is a pleiotropic molecule, and its receptor is ubiquitously expressed (7) . Leptin signaling appears to be important for a variety of tissues, affecting cellular functions such as apoptosis and cytokine expression as well as acting as an inflammatory cytokine (8) . Malnutrition, which results in reduced leptin levels, increases susceptibility to many infections, including E. histolytica (9, 10) . The Q223R mutation is the first leptin receptor mutation to be associated with an infectious disease and lends strength to the importance of leptin signaling in disease resistance. This study investigated the effect on host defense conferred by this mutation. We discovered that neutrophil chemotaxis toward leptin was impaired, likely contributing to reduced neutrophil influx to the site of infection and eventual susceptibility.
RESULTS

R223 mice exhibited reduced inflammation and infiltration af-
ter infection with E. histolytica. The mouse model of an E. histolytica cecal infection was used to determine the differences between Q223 and R223 mice early during an infection. Previous work had shown that by 12 h after infection a difference could be observed in infection rates between Q223 and R223 mice, with complete eradication in Q223 but not R223 mice by 72 h (11). This 12-h time point was therefore chosen to investigate the very early host processes that could account for the differences in phenotypes. Q223 and R223 allele-expressing mice were infected with 2 ϫ 10 6 E. histolytica trophozoites for 12 h, after which the cecum was harvested and evaluated for inflammation and infiltrating immune cells in the cecum. Histology scores revealed a reduction in inflammation in R223 mice, as graded by submucosal edema and epithelial blunting ( Fig. 1A and B) . Epithelial destruction, not included in the histology measurements but commonly seen in previous histologic analyses of late amebic infection, was not observed in either genotype at this early time point. The 12-to 72-h time interval for eradication of amebae in Q223 mice suggested an innate mechanism could be responsible. At 12 h after infection, cecal lamina propria tissue samples from mice were reduced to a single-cell suspension, and flow cytometry was used to identify cell types. Neutrophils, identified as Ly6G and CD11b double-positive cells ( Fig. 2A) , were observed to make up a smaller percentage of the cells in the R223 mice (Fig. 2B ). Other innate cell types, such as macrophages (CD11b ϩ ) and inflammatory monocytes (CD11b ϩ Ly6C ϩ ) were present at equivalent rates in both genotypes (data not shown). Naive Q223 and R223 mice had very low but similar amounts of neutrophils in the cecal lamina propria (Fig. 2C ) and equivalent amounts of circulating blood neutrophils (Fig. 2D) . The defect in neutrophil number therefore was not present at rest but only locally in the gut during an infection, suggesting a potential defect in infiltration or survival.
Neutrophil infiltration was important for amebic clearance. The importance of neutrophils specifically for clearance of an E. histolytica infection was unknown. To test if diminished neutrophil presence in the cecum was responsible for the susceptible phenotype of the R223 mice, neutrophils were depleted with an anti-Ly6G monoclonal antibody (MAb) in C57BL/6 mice ( Fig. 3A) , an ameba-resistant strain of mouse (12) . Administration of anti-Ly6G MAb achieved significant depletion of neutrophils in the lamina propria (Fig. 3B) . After 12 h of infection, mice that had received the anti-Ly6G MAb had double the infection rate of mice that had received the isotype control. This suggested that a neutrophil response is critical for clearance of amebae early during infection and that a reduction in this response is an important mechanism for the susceptibility observed in mice with the R223 allele.
Immune cell death and amebic trogocytosis were not enhanced by the R223 polymorphism. Previous work worked showed that R223 cecal epithelial cells have increased caspase-3 activation and subsequent apoptosis after an E. histolytica infection, suggesting that leptin signaling is responsible for cell survival in the face of amebic challenge. The reduction in signal engendered by the R223 polymorphism could result in increased death of immune cells. Amebic trogocytosis has been identified as a killing mechanism of E. histolytica for several cell types, including Jurkat cells (13) . We tested if reduced leptin signaling resulted in an increase in amebic trogocytosis and cell death. This was done by comparing the death and ingestion rates of splenocytes isolated from ob/ob (leptin-deficient) mice and control C57BL/6 mice after incubation with E. histolytica. Cell death was increased when splenocytes were incubated with amebae, as expected, but there was no significant difference in cell death between the ob/ob and C57BL/6 cells (Fig. S1A ). Amebic trogocytosis, measured by the percentage of amebae that had ingested fluorescently labeled fragments of splenoctye cell membrane, was also not significantly different between the two splenocyte populations (see Fig. S1B in the supplemental material). A similar experiment was conducted with Q223 and R223 neutrophils, which also revealed no significant differences (data not shown). Decreased leptin signaling with the 223R mutation therefore did not increase the susceptibility of immune cells to amebic killing.
Neutrophil attractant chemokines and leptin were produced at equivalent levels in both genotypes. To determine if the host environment was responsible for the reduction in neutrophil infiltration, we measured production of an array of neutrophil chemoattractants produced by epithelial cells and inflammatory cells. CXCL1, CXCL2, CCL3, CCL4, and granulocyte colonystimulating factor (G-CSF) were measured in cecal tissue lysates from mice challenged for 6 and 12 h; for this we used Luminex bead assays and normalized results to total protein content. We found that all chemokines tested were produced equally in Q223 and R223 mice at both 6 h ( Fig. 4A ) and 12 h (Fig. 4B ) after infection.
Leptin is also considered a neutrophil chemoattractant and is known to increase after many types of infection and to act as an inflammatory cytokine. To assess if there were any baseline differences between the genotypes that could result in a rapid imbalance of neutrophils, leptin was measured in the cecal tissue lysates and serum of naive Q223 and R223 mice in an enzyme-linked immunosorbent assay (ELISA). Leptin levels in uninfected mice were revealed to be equivalent in both the serum (Fig. 5A ) and the cecum (Fig. 5B ) of both genotypes. Leptin was then measured in cecal lysates after 6 and 12 h of E. histolytica infection to test if leptin production diminished or failed to increase in R223 mice (Fig. 5B) . There was an increase in cecal production of leptin between 6 hours and 12 hours in both Q223 and R223 mice; this increase was significant in R223 mice (P ϭ 0.02) and showed a strong trend in Q223 mice (P ϭ 0.06). There were, however, no differences in cecal leptin levels between the genotypes at 6 h or 12 h. We concluded that leptin was a potential neutrophil chemoattractant to the gut and was capable of being produced as a response to infection in both genotypes.
R223 neutrophils had an inhibited chemotactic response to leptin. The preceding experiments demonstrated the absence of an impact of the 223R mutation on neutrophil survival from amebic killing or on neutrophil chemoattractants in the gut. This suggested that reduced neutrophil infiltration in the R223 mouse was a result of an intrinsic defect of the neutrophils to respond to gut homing signals. As we had demonstrated that leptin markedly increased at 12 h after infection compared to earlier time points, we hypothesized that leptin was a signal for gut recruitment and, additionally, that R223 neutrophils would exhibit reduced chemotaxis toward leptin. To test this, bone marrow neutrophils were isolated using magnetic bead separation and applied to a transwell filter plate that contained leptin or a combination of CXCL1 and CXCL2 in the lower well. Chemotaxis was allowed to proceed for 1.5 h before the filter was fixed and stained. Leptin was able to induce a strong chemotactic response in both populations of neutrophils. R223 neutrophils demonstrated reduced chemotaxis compared to Q223 neutrophils toward 10 ng and 50 ng of leptin ( Fig. 6A and B) . Chemotaxis toward CXCL1 and CXCL2 was, however, equal in both neutrophil genotypes (Fig. 6C) . We con-
FIG 4
Neutrophil chemoattractant expression in cecum after infection. Protein levels of key neutrophil attractant chemokines after 6 h (A) and 12 h (B) after infection with E. histolytica trophozoites were equivalent between Q223 and R223 mice. All levels were normalized to total protein and log transformed. cluded that there was a leptin-specific defect in chemotaxis that was conferred by the 223R mutation.
DISCUSSION
In this study, we investigated the mechanism behind the increased susceptibility to amebiasis of children who have the R223 leptin receptor mutation. We explored the differences in the innate immune response to amebic colitis in mice expressing the R223 mutation. The R223 mutation resulted in decreased neutrophil recruitment to the site of infection at 12 h after infection, the time at which the increased clearance of infection by wild-type Q223 mice manifests. Neutrophils with the R223 mutation had decreased chemotaxis to leptin in vitro. Finally, neutrophil depletion resulted in increased infection susceptibility, supporting the role of neutrophil recruitment to clear infection.
The Q223R leptin receptor mutation is common, expressed in up to 50% of Caucasian and Bangladeshi populations (4). In addition to impacting E. histolytica susceptibility, the mutation has also been shown to affect host resistance to peritonitis and chronic bronchitis (14, 15) . The results of studies of the impact of the mutation on host response to amebiasis may therefore suggest a common mechanism of susceptibility.
The rapid divergence of infection phenotypes observed, with full eradication of infection by 72 h in mice with the ancestral Q223 leptin receptor allele (11) , suggested that the innate immune system was responsible for the differences in infection clearance. R223 mice were observed to have a reduced neutrophil population in the lamina propria compared to Q223 mice 12 h after infection. Depletion of neutrophils resulted in a doubled infection rate at 12 h, confirming their importance for the early clearance of amebae. This echoes previous work indicating that depleting all GR1 ϩ cells resulted in increased amebic pathology (16) . Activated neutrophils have also been shown to kill E. histolytica (17) . Together, these data suggest that a vigorous neutrophil response is needed to achieve early elimination of E. histolytica and could represent a critical crossroad in the host response that determines whether the pathogen is eradicated.
Previous work had found that leptin receptor presence on the epithelial barrier was critical for E. histolytica infection defense, as demonstrated by increased infection and disease severity with an intestinal epithelial knockout cells (18) . Bone marrow chimeras of wild-type and db/db mice revealed that the presence of leptin receptor on epithelial cells was critical for defense against E. histolytica (18) . Neutrophil infiltration to a site of infection is controlled by chemotactic signals; intestinal epithelial cells have the capacity to make a variety of these chemoattractants in response to a pathogen challenge, including leptin (19) (20) (21) (22) , suggesting a possible mechanism for reduced neutrophilic infiltration through decreased chemoattractant production. We found that all neutrophil-attractant chemokines tested for were detected in cecal lysate after infection, but there was no difference between Q223 and R223 mice in the concentrations of these chemokines. Leptin was also produced equally between Q223 and R223 mice, both at baseline in serum, replicating the initial human cohort findings, and in the cecum before and after infection. We concluded there were no discernible differences between the abilities of Q223 and R223 mice to make neutrophil-attractant chemokines.
Immune cell survival after amebic challenge was also not affected by the R223 mutation. Leptin has known antiapoptotic effects (23) (24) (25) and likely protects intestinal epithelial cells against ameba-mediated cell death. Previously, transfection of HEK cells with the Q223 receptor had been shown to provide leptindependent protection from cell death that was greater than that from the R223 leptin receptor (6) , and the intestinal epithelial cells in R223 mice showed greater caspase-3 activation after infection (4) . In contrast to the importance of leptin signaling in epithelial cell defense, in immune cells we found no impact of the R223 mutation on increasing the susceptibility to amebic killing. In the context of protection from amebic trogocytosis leptin, signaling appears to have a different role in neutrophils than in epithelial cells.
Increased chemotaxis toward leptin was the most likely explanation for the increased neutrophil presence in the gut of Q223 mice. We observed between 6 hours and 12 hours after infection that there was a significant increase in leptin in the cecum. Other investigators have also observed an increase in leptin after infection. A human study of H. pylori infection also reported increased leptin expression in gastric epithelial cells after infection, which was subsequently reduced after eradication of infection (26); lipopolysaccharide inhalation also resulted in increased broncheoalveolar lavage (BAL) fluid leptin levels (27) . In mice this elevation has been observed in peritonitis and pneumonia models; leptin was observed to rise significantly at 12 and 24 h after cecal ligation and puncture, and both bacterial and viral pneumonia resulted in greater lepitn concentrations in the BAL fluid (27) (28) (29) . Furthermore, these studies observed that increased leptin resulted in increased neutrophila at the sites of injury. Leptin thus appears to be part of the inflammatory response by epithelial cells under attack. The rise of leptin at 12 h coincided with the observed neutrophil infiltration, suggesting a likely signal for the neutrophil influx apart from the traditionally described chemoattractants.
The leptin receptor mutation resulted in an intrinsic defect in neutrophil chemotaxis to leptin. Though only expressing the short form of the leptin receptor (30) , neutrophils have been shown to migrate toward leptin (27, 31, 32) . JAK2 signaling from this short form receptor is known to activate phosphhatidylinositol 3-kinase and potentially p38; inhibitors of both signaling molecules can inhibit neutrophil chemotaxis toward leptin (22, 26, 28) . Little research has been performed regarding the significance of this chemotaxis, and until now there has been no clear link between disease susceptibility and neutrophil migration toward leptin. We found that both Q223 and R223 neutrophils were able to respond chemotactically to leptin in medium, but R223 exhibited reduced rates of chemotaxis. The lack of a difference in chemotaxis between the two genotypes toward a combination of CXCL1 and CXCL2 suggests that this chemotactic decline is restricted to leptin and does not interfere with other chemotaxis pathways. These data, combined with our observation of increased leptin production at the site of infection, suggest that infiltration into the cecum is inhibited by the R223 mutation. However, it is also possible that bone marrow mobilization of neutrophils is affected. A variety of chemokines and cytokines have been shown to cause the neutrophil efflux from the bone marrow seen after infection (33); leptin has not been identified as having a direct role in this migration as of yet, but as our experiments were performed with bone marrowisolated neutrophils, it is possible this could be happening. In addition, leptin has been shown to upregulate the oxidative burst (34); upregulated leptin production could therefore be acting as a booster signal to more than just chemotaxis. Should the R223 receptor result in additional functional inhibitions, R223 neutrophils could be unable to efficiently kill the invading ameba and thus would become more susceptible to the ameba themselves. The role of leptin has started to be appreciated in immune mediators such as T cells (8, 10, 35) , and now leptin signaling appears to have a powerful role in neutrophil influx and thus the response to infection by E. histolytica.
This study has identified a novel leptin-mediated mechanism of innate defense, adding to the epithelial defense we had previously observed. While we are open to the possibility that this mutation has other yet-to-be-discovered roles in inflammation and infection, the discovery that neutrophil chemotaxis is altered due to the R223 mutation is of significance, as the mutation is common in human populations. This work may have relevance for obesity and malnutrition, as both conditions result in an altered leptin environment. In conclusion, this study provided insights into the host defense against E. histolytica infection and to the role of leptin in disease and immunity through the demonstration of leptin-mediated chemotaxis.
MATERIALS AND METHODS
Mice. Male 129/J mice homozygous for the Q223 or R223 allele (8 to 12 weeks old) were maintained and bred at the University of Virginia under pathogen-free conditions. C57BL/J6 and BV.6-Lepob/J mice were obtained from Jackson Laboratories.
Cecal lamina propria isolation. Single-cell suspensions of cecal lamina propria tissue were prepared as described previously. In brief, cecal tissue was washed in Hanks balanced salt solution (HBSS) containing dithiothreitol and EDTA for 15 min at 37°C to remove the epithelial layer. Tissue was then diced and incubated in RPMI containing collagenase D and DNase for 30 min at 37°C. Digested tissue pieces were passed through 100-m and 30-m cell filters to obtain single-cell suspensions.
Histology. Cecal tissue sections were stained with hematoxylin and eosin (H&E). Scoring for submucosal edema and epithelial blunting was based on a scale of 0 to 3 for increasing severity. Samples were read blinded by two investigators, and scores were averaged for all sections; scores were then added, for a final overall histology score between 0 and 6.
Murine infection with Entamoeba histolytica. Trophozoites for infections were originally derived from laboratory strain HM1: IMSS that was sequentially passaged in vivo through mouse cecum. Virulence has been maintained with periodic passaging. For all intracecal inoculations, 2 ϫ 10 6 trophozoites in 150 l were injected intracecally after laparotomy. Mice were sacrificed 12 h after infection, and the contents were collected and cultured in complete trypsin-yeast-iron (TYI-33) medium supplemented with Diamond Vitamin (JRH Biosciences), 100 U/ml of penicillin and streptomycin, and bovine serum (Sigma-Aldrich). The presence of visible amebae 12 to 24 h after sacrifice determined the infection status. Murine infection results are representative of two independent experiments.
Neutrophil depletion. Fifty micrograms of anti-Ly6G monoclonal antibody or 50 g of IgG isotype (BioXcell) control was injected into the peritoneal cavity 12 h before infection. Depletion was confirmed with flow cytometric analysis of the lamina propria after infection.
Amebic trogocytosis assay. Splenocytes were isolated by filtration through 100-m cell filters followed by red blood cell lysis. Amebic trogocytosis and splenocyte death were quantified using imaging flow cytometry as described previously (13) .
Determination of cellular populations in the lamina propria. Isolated lamina propria cells were surface stained for markers Ly6G, CD11b, CD45, Ly6C, and CXCR2 according to a general flow cytometry protocol. All samples were run on a Beckman Coulter CyAn ADP LX apparatus and analyzed with FlowJo software (Treestar, Ashland, OH).
Quantification of cecal proteins. Cecal tissue was homogenized in HBSS with 50 mM HEPES, Triton X-100, and HALT protease inhibitor cocktail (Pierce). Lysates were aliquoted and stored at Ϫ70°C. Aliquots were not freeze-thawed more than twice. CXCL1, CXCL2, CCL3, CCL4, and G-CSF Luminex assays (Bio-rad) were run on a Bio-Rad Bioplex 200 apparatus. Leptin quantification was performed in an ELISA (Peprotech). Results were normalized to total protein concentration, as measured in a bicinchoninic acid assay (Pierce) per aliquot used.
Neutrophil isolation and chemotaxis assay. Neutrophils were isolated from bone marrow of hind legs of R223 and Q223 mice. Bones were cleaned and ground in sterile HBSS, then cells were filtered through 100-m and 40-m cell filters. Anti-Ly6G magnetically activated cell sorting bead separation was performed according to the manufacturer's protocol (Miltenyi Biotec) on an AutoMACS Pro system. A total of 4 ϫ 10 4 neutrophils were immediately added to the top of the transwell filter. A 600-l volume of HBSS (plus Ca and Mg) containing 10 ng leptin, 50 ng leptin, or 10 ng CXCL1 and CXCL2 (5 ng each; Peprotech) was added to the bottom well. Chemotaxis was allowed to proceed for 1.5 h at 37°C. Filters were then removed from the plates, and excess liquid was removed from the top of the filter with a cotton-tipped applicator. Filters were cut out, fixed with methanol, and then stained with crystal violet. Neutrophils were counted on one field of view with 20ϫ magnification by using an Olympus DP71.
Statistical analysis. Statistical analyses were performed using Prism 5.0 software. Student's t test was performed for comparisons between two groups, and the Mann-Whitney test was performed for infection rate comparisons.
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